Abstract. The main evidence available for constraining the position of the large circular "pancake" domes on Venus is . gross morphology. Laboratory simulations using polyethe glycol show that the height to diameter (aspect) ratios of sofa given total volume depend critically on whether their sion was continuous or episodic, with more episodes . g to greater cooling and taller domes. Thus without ations of their emplacement, the compositions of venusian mes cannot be uniquely constrained by their morphology.
Introduction
Among the most striking landforms revealed by Magellan inages of Venus are the large, flat-topped, circular structures merred to informally as "pancake" domes. Based on their 0Yeral1 morphology, these have been widely interpreted to be i1icic lava domes [e.g., Head et al., 1991; Pavri et al., 1992] , an inference that has major implications for the crustal genesis of die planet. Here we evaluate this interpretation through a comlination of scaling arguments, laboratory simulations, and field JreaSurements of active silicic flows on Earth. OUf modeling shows that the dimensions of an individual dome cannot be used ,>uniquely deduce either its composition or eruptive history. However the height (H) to diameter (D) ratios of the "pancakes", when considered as a group, are most consistent with 1heir having been emplaced episodically rather than continuously, a mode of growth found on Earth primarily in magmas of dacitic to rhyolitic composition. Dome shapes reflect a balance between the gravity-induced spreading of lava away from a vent and various forms of RSistance to that outward flow. In previous models relating mphology to material properties, it was assumed that domes were made up of isothermal lava with either a Newtonian [Huppert, 1982] , Bingham (viscoplastic) [Blake, 1990] , or Coulomb [Johnson, 1970; Blake, 1990] rheology. In all these !Now at U.S. Geological Survey, Menlo Park Copyright 1993 by the American Geophysical Union.
Paper Number 92GL03010
~-8534/93/92GL-030 1 0$03.00 cases, the viscosity of the lava controls the spreading rate but does not directly influence morphology. In the absence of cooling, Newtonian fluids spread indefinitely until ponded by topography, Bingham domes stop moving when the basal shear stress drops below the yield strength ('to) , and Coulomb domes have a shape controlled by the angle of repose of the enclosing rubble, a property that is not directly related to composition . Because thicknesses of viscoplastic domes are proportional to their yield strengths which in turn generally increase with silica content, the Bingham model offers the possibility of relating remotely observed dome dimensions to chemistry. However, to be successful such interpretations must take cooling into account, because it also raises the strength of lava, primarily by forming a solid surface crust.
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Venusian domes are much larger than most of their terrestrial counterparts. A convenient way to compare the geometry of different-sized viscoplastic domes on different planets is to plot their aspect ratios (A=H/D) as a function of volume (V). Slowly spreading circular domes with low strain rates should scale as [Blake, 1990; Bridges and Fink, 1992] :
where p is density, g is gravity, and k is a constant approximately equal to 1. These relations imply that as any Bingham dome grows it should become progressively flatter. Furthermore, on a given planet, domes of equal volume should have aspect ratios proportional to the ratio of lava yield strength to density. Because yield strengths increase and densities decrease in proportion to silica content, the aspect ratio of a dome of given size should roughly reflect its composition. However, surface cooling also increases yield strength and thus influences dome shape. Thus without knowing the cooling history of a dome, we cannot uniquely relate its aspect ratio to composition.
Growth of Terrestrial Domes
Terrestrial domes have been separated into two types based on the way they erupt: continuous extrusions produce relatively low lava domes in which most growth is exogenous (new lava appears on the dome surface), while discontinuous extrusions separated by repose periods result in taller "Peleean" [Blake, 1990] domes in which much growth is endogenous (new lava enters and remains in the dome interior). Two well-documented eruptions illustrate how these different emplacement histories can influence dome shape. In 1979 a basaltic andesite dome grew continuously over 150 days in the crater of La Soufriere volcano on the island of St. Vincent [Huppert et aI., 1982] . The dome's aspect ratio declined as its volume increased (Figure 1 ), closely following the trend described by (1) and implying that the yield strength remained nearly constant. In contrast, the dacitic Mount St. Helens (Washington) dome grew episodically Lava Dome Shapes ... between October 1980 and October 1986, with 15 repose periods ranging from 32 to 354 days separating extrusive intervals lasting from 1 to 368 days [Swanson and Holcomb, 1990] . In this case, the aspect ratio increased along with dome volume; apparently the repose periods caused a significant rise in the effective yield strength, since the composition remained nearly constant. and one kaolin experiment [Blake, 1990] . The "episodic" and "continuous" points are average values for three experiments each, while the "no crust" and "kaolin" points are each taken from one typical experiment. Slopes and regression coefficients (r2) are oome spreads almost exa tly as pr dieted for viscous gravity currents [Huppert, 1982] . The solid diamonds represent the crowth of a dome of isothermai viscupiastic kaolin slurry [Blake, 1990] and are consistent with (1). The solid triangles show average results from three experiments in which PEG was continuously injected into a tank of very cold water . Here solidification of the wax surface leads to Binghamlike behavior with an effective yield strength that remains nearly constant throughout emplacement. Finally, the open boxes show average results from three experiments in which PEG was injected episodically into cold water, with two-minute repose periods separating eight intervals of extrusion (Figure 3) . Here theincreasing aspect ratios reflect the enhanced cooling during JqlOse periods. Individual episodic experiments also showed that the magnitude of aspect ratio increase was directly proportional to the number and length of repose periods .
Application to Venusian Domes
Scaling analyses, analog experiments, and observations of ICIive terrestrial extrusions demonstrate that the shapes of Bingham domes reflect effusion history as well as total volume, gravity, and composition. (fhe apparent lack of talus around most venusian domes allows us to ignore Coulomb behavior.) Thus without temporal data it is possible only to roughly constrain, not uniquely deduce, the composition of an individual venusian dome from its final geometry. However, because each dome grew through a sequence of aspect ratios before finally solidifying, the entire population of dome shapes should provide a "snapshot" of many of these earlier stages and thereby offer insight into the eruptive style (if the domes are all of the same composition). A group of continuously emplaced domes should plot within a region on Figure 1 that slopes down to the right, whereas an episodically emplaced group should slope up to the right. A mixture of both types of domes should form an ill-defined cluster. To evaluate the applicability of this idea to the "pancakes",we made new height determinations for an earlier-identified set of 126 venusian domes [Pavri et al., 1992] . The mean dome diameter (-20 krn) is comparable to the typical footprint size and spacing (width and separation between imaging swaths on the venusian surface, both -12 km), so special care had to be taken in correlating and interpreting height measurements. The widely-used, gridded altimetric data are smoothed, so that they can lead to underestimates of dome relief, or worse, misinterpre-
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3. Side views of two simulated lava domes made of equal of PEG but with different eruptive histories [Bridges, In (a) wax was extruded continuously. In (b), wax was extruded through eight 3D-second episodes separated by 2-minute repose periods. Note the difference in aspect ratios.
tation of adjacent features or data artifacts as dome topography. We used digital overlays of individual altimetric footprints [Pettingill et al. , 1991] on synthetic aperture radar (SAR) images to provide precise collocation, more accurate height measurements, and better identification of spurious data. Still higher spatial resolution (-2 km) profiles are possible [McKenzie et al., 1992] but require specialized reprocessing not performed here.
We evaluated four types of height-measurement errors: (1 ) those intrinsic to the altimeter (typicaJly less than 10m and thus negligible); (2) difficulties in identifying domes, regional slopes, and base levels in the altimetric profiles; (3) failure of the altimeter footprint to completely fall within the diameter of small domes; and (4) limitations of the radar-processing software in areas with complex radar properties. After quantifying these effects we grouped the data into three classes by inspection (1 = high confidence, 3 = low). Data for classes 1 and 2 are shown in Fig. I , with high-resolution height measurements for 6 domes [McKenzie et al., 1992] substituted for the appropriate class 1 domes. The venusian domes clearly show a positive correlation between aspect ratio and volume, for both the highest and intermediate data classes. As we saw earlier, such a correlation strongly suggests episodic growth. Furthermore, the steep slope of the trend indicates that the domes grew through a large number of episodes with considerable cooling during repose periods.
This discontinuous emplacement was most likely driven by crystallization-induced volatile release, a process proposed for some terrestrial eruptions [Blake, 1984; Cashman, 1988; Anderson and Fink, 1989 ] because it can repeatedly generate "eruptible" batches of buoyant magma. The rate of volatile exsolution is in tum controlled by the composition of the magma and the temperature contrast between magma and host rocks. Episodic eruptions tend to occur when magma has a relatively difficult time making its way to the surface, due to some combination of tectonic stress state, high cooling rates which promote solidification, and/or high viscosity. These conditions are most likely to occur in areas of compression, in regions oflow heat flow, and for magmas of silicic composition or high crystallinity, respectively. However, the distribution of large venusian domes shows no preference for areas characterized as having predominantly compressive stress regimes [pavri et al. , 1992] , nor is there evidence that they lire concentrated where other volcanic features are lacking, as might be expected in regions that have locally lower crustal temperatures. It thus seems most probable that episodic emplacement would be caused by high magma viscosity. This conclusion is consistent with the observation that steep-sided Peleean-type domes on Earth are most commonly made of magma whose composition ranges from dacite to rhyolite. Thus although the shapes of individual "pancake" domes on Venus cannot directly tell us about their compositions, the population as a whole strongly suggests discontinuous formation processes like those associated preferentially with silicic magmas on Earth.
